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ABSTRACT: In this paper, we show the electrochemical deposition of a subnanometer film of nickel (Ni) on top of titanium
nitride (TiN). We exploit the concept of cluster growth inhibition to enhance the nucleation of new nuclei on the TiN substrate.
By deliberately using an unbuffered electrolyte solution, the degree of nucleation is enhanced as growth is inhibited more
strongly. This results in a very high particle density and therefore an ultralow coalescence thickness. To prevent the termination
of Ni deposition that typically occurs in unbuffered solutions, the concentration of Ni2+ in solution was increased. We have
verified with RBS and ICP-MS that the deposition of Ni on the surface in this case did not terminate. Furthermore, annealing
experiments were used to visualize the closed nature of the Ni film. The closure of the deposited film was also confirmed by
TOF-SIMS measurements and occurs when the film thickness is still in the subnanometer regime. The ultrathin Ni film was
found to be an excellent catalyst for carbon nanotube growth on conductive substrates and can also be applied as a seed layer for
bulk deposition of a smooth Ni film on TiN.
■ INTRODUCTION
The search for deposition techniques for fabricating thin films
has been triggered by applications such as magnetic devices,1
interconnects,2 and catalysis.3,4 There are many examples of
thin film depositions from the gas phase using physical vapor
deposition (PVD)5 or atomic layer deposition (ALD).6
Although excellent films can be created with these techniques,
they typically are expensive or require a long process time. An
alternative to these techniques is electrochemical deposition
(ECD).7 Even though the use of this technique is restricted to
deposit on conductive substrates, it can be very cheap and
selective.
The electrochemical deposition of one to a few monolayer
thin films of metals (e.g., palladium,8 germanium,9 copper,10
and ruthenium11) and compounds12−14 typically rely on
underpotential deposition (UPD) and surface-limited redox
replacement (SLRR) reactions.15 In the case of UPD, typically
one monolayer of a material is deposited on a more noble metal
at a potential slightly more positive than the reduction potential
of the bulk material.16 By selecting this potential window, the
formation of a monolayer on the foreign substrate is
energetically favorable, while the reduction of the bulk material
is not yet allowed. The UPD monolayers can then be
substituted or functionalized by other elements through
SLRR steps.15
Recently, a different approach has been used to electro-
chemically deposit thin films and relies on the concept of
growth inhibition. For example, Liu et al.17 showed that
hydrogen passivation at large overpotentials leads to high-
quality platinum monolayers on gold electrodes. Here, the
deposited Pt atoms are immediately covered with adsorbed
hydrogen that blocks their further growth, ultimately leading to
a closed monolayer. A different approach was adopted by
Brimaud et al.18 where they used a carbon monoxide saturated
solution to deposit smooth Pt monolayers. The CO adsorbs on
the deposited Pt atoms, thereby inhibiting further attachment
of Pt ions on top of the monolayer. These two examples clearly
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illustrate the potential of using growth inhibition for depositing
ultrathin films.
This paper deals with the use of growth inhibition to
electrochemically deposit a subnanometer closed Ni film on top
of a CMOS-compatible TiN substrate under galvanostatic
conditions. This work is an extension of the work described
earlier by our group,19 where the influence of H3BO3 on the
electrochemical deposition of Ni nanoparticles was presented.
We found that lower amounts of H3BO3 in a 5 mM NiCl2 with
a 0.1 M KCl solution gave significantly higher Ni particle
densities as the growing particles were inhibited by Ni(OH)2
that was formed due to the local increase in surface pH due to
H+ reduction. Because a constant current was applied, new Ni
islands were formed as long as Ni electrodeposition proceeded.
In the complete absence of H3BO3, however, the amount of Ni
deposited was far too low for particle formation. The Ni
electrodeposition process terminates at the onset of H2O
reduction, which occurs too fast for solutions with low Ni2+
concentrations that are free of H3BO3. Therefore, a small
amount of H3BO3 was still needed to obtain nanoparticles.
H3BO3 acts as a buffer, prolonging the time in which H
+
reduction takes places and as such delaying the onset of H2O
reduction, which starts only when the sum of Ni2+ and H+
reduction partial currents can no longer deliver the current
imposed upon the system. The active time for Ni electro-
deposition thus increases with H3BO3 concentration. There-
fore, an optimum condition for the H3BO3 concentration was
selected where both a high growth inhibition (low enough
[H3BO3]) and a sufficiently long Ni deposition time window
(high enough [H3BO3]) were combined. As a result, a
maximum particle density of 4 × 1011 cm−2 was obtained.
In this paper, we show how to further increase the particle
density up to a point where even the coalescence thickness of
the particles is in the subnanometer regime. In this way, thin Ni
films can be electrochemically deposited on TiN. We start with
some theoretical considerations on how to further increase the
degree of growth inhibition. These considerations are verified
experimentally using surface concentration measurements,
TOF-SIMS surface spectra, and annealing experiments. Finally,
we will show the use of these ultrathin Ni layers as catalysts for
CNT growth and as a seed for bulk Ni deposition on TiN.
■ THEORETICAL CONSIDERATIONS
To obtain maximal growth inhibition during the nucleation of
Ni, we chose to entirely remove H3BO3 from the solution
composition. Instead, the concentration of Ni2+ is increased to
prolong the effective time of Ni deposition necessary to
nucleate and grow clusters of a desired size and thickness.
Figure 1 shows the onset time of H2O reduction as a function
of Ni2+ concentration, calculated using the multicomponent
Sand equation,20−22 evaluated with the diffusion coefficients for
H+ and Ni2+ as obtained in19
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with F is Faraday’s constant, j the applied current density, nx the
amount of electrons involved in the reduction reaction, Dx the
diffusion coefficient, and cx the concentration. It is clear from
Figure 1 that an increased Ni2+ concentration postpones the
onset of H2O reduction similarly as H3BO3 does in ref 19.
However, in this case, no buffering agent is present and hence
the rise in pH near the surface due to H+ reduction is not
counteracted. In addition, Figure 1 also shows the pH at which
Ni(OH)2 precipitates from the solution as a function of Ni
2+
concentration. The pH of Ni(OH)2 precipitation lowers when
more Ni2+ is present in solution. This may have implications on
the morphology of the particles as Ni(OH)2 influences both the
nucleation (surface) and the growth phase of the Ni clusters.19
Both calculations show that from a theoretical perspective,
increasing the Ni2+ concentration while omitting a buffering
agent, might be beneficial for depositing a very thin Ni film.
These predictions are verified experimentally in the next
sections.
■ EXPERIMENTAL SECTION
The electrochemical deposition of Ni thin films was studied on a 60
nm TiN film, which was deposited by ionized metallization plasma
(IMP) on a sputter-cleaned Si substrate (n type). Before Ni
deposition, the TiN surface was treated with 1% HF for 5 min, after
which it was rinsed with deionized (DI) water. A glass cylindrical cell
was clamped on top of the sample with a Kevlar O-ring, exposing
∼1.43 cm2 of the TiN surface to the electrolyte solution. A platinum
wire (diameter 2.0 mm, Sigma Aldrich, 99.9%) acted as a counter
electrode. The Ag/AgCl/3 M NaCl reference electrode (BASi, RE-6)
was placed close to the TiN surface using a pipet tip as a Luggin
capillary. The solutions consisted of 5−30 mM NiCl2·6H2O (Alfa
Aesar, 98%) and 100 mM KCl (Merck). The pH was adjusted to 3
with 0.1 M HCl. Depositions were done galvanostatically at a fixed
current density of −10 mA cm−2, unless otherwise mentioned. The
samples were characterized with a scanning electron microscope (SEM
Nova 200, FEI), and the analysis of the microscope images was done
with Image J software. Rutherford backscattering (RBS, 1.523 MeV
He+ beam at 11° tilt) measurements were used to quantify the amount
of Ni deposited. Alternatively, the Ni surface concentration was
determined by dissolving the Ni film (exposed area: 0.95 cm2) in 5 mL
of 5 wt % HNO3 for 5 min. The concentration of dissolved Ni
2+ ions
in solution was then measured with an inductively coupled plasma-
mass spectrometer (ICP-MS, Agilent 7500cs). From these measure-
ments, the surface concentration of Ni atoms was calculated. The
surface composition at the different stages of deposition was measured
ex situ, using time-of-flight secondary ion mass spectrometry (TOF-
SIMS, Bi3+, 25 kV, 45° impact angle). The annealing experiments to
break up the ultrathin Ni films into particles were performed in a H2
plasma ambient, consisting of a mixture of 200/1000 sccm H2/Ar
(Ptotal = 3 Torr) carried out in a remote PECVD tool at Tsubstrate = 470
°C. Carbon nanotubes were grown in the same chamber directly after
the plasma using a 12/84/1000 sccm C2H2/H2/Ar (Ptotal = 3 Torr)
mixture for 30 min at 470 °C. The electrolyte solution used to verify
the use of the ultrathin Ni layer as a seed layer consisted of 0.62 M
Figure 1. The onset of H2O reduction (left y axis) and the pH of
Ni(OH)2 precipitation (right y axis) as a function of Ni
2+
concentration.
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nickel sulphamate (pH = 5.5). The bulk Ni films were deposited at
−10 mA cm−2 for 4 s.
■ RESULTS
Figure 2a shows the potential transients during galvanostatic
deposition of Ni in electrolyte solutions with 5−30 mM NiCl2·
6H2O and 100 mM KCl (pH = 3). The potential transients for
5 mM NiCl2 solutions have been described in detail in previous
work.19 The potential drops at first as a result of capacitive
charging and reaches a minimum around 0.02 s for all solutions.
This minimum potential is the most negative for the lowest
Ni2+ concentration (i.e., 5 mM) and becomes less negative with
increasing Ni2+ concentration. After the initial drop, the
electrode potential increases again due to growth-inhibited
nucleation and reaches a maximum (marked with dashed line in
Figure 2). The time at which the potential reaches its maximum
and the nucleation phase ends increases with Ni2+ concen-
tration for [NiCl2] ≤ 10 mM and corresponds well with the
time at which H2O reduction is expected to commence (see
Figure 1 and▼ in Figure 2). However, for [NiCl2] ≥ 15 mM,
the potential reaches a plateau around 0.2−0.3 s, which is well
before the onset of H2O reduction. Instead, it is the next steep
drop in potential that seems to coincide with the onset of H2O
reduction. A similar observation was reported earlier,19 where
for a low H3BO3 concentration the first maximum in the
potential transients shifted to longer deposition times with
increasing H3BO3 concentration. These maxima corresponded
to the onset of H2O reduction. For higher H3BO3
concentrations, however, the position of this first maximum
was no longer correlated to the H3BO3 concentration but
occurs before the onset of H2O reduction. Here it was argued
that the nucleation phase was completed before the termination
of Ni deposition occurred.
It is important to point out that the potential signal during
constant current deposition is the combination of two opposing
mechanisms. On the one hand, the potential rises (less
negative) as the appearance of Ni on the electrode shifts all
the involved reduction potentials to less negative values.19 The
driving force for this upward shift disappears after nucleation
when a steady-state nickel deposition is achieved. On the other
hand, when the concentration of Ni2+ at the surface becomes
fully depleted, a new reduction reaction needs to commence to
guarantee the fixed current at the electrode. As a result, the
electrode potential will drop (becomes more negative),
accommodating for H2O reduction to proceed.
In this respect, the first maximum of the electrode potential
can be either linked to the onset of H2O reduction or
represents the case where the nucleation phase is complete. For
[NiCl2] ≤ 10 mM, the maximum corresponds to the onset of
H2O reduction, while for [NiCl2] ≥ 15 mM, the maximum
represents the completion of the nucleation phase. This implies
that for [NiCl2] ≥ 15 mM, Ni deposition has been active
through the entire nucleation phase before termination could
occur.
For morphological analysis, the deposit was characterized
after 0.5 s of galvanostatic deposition at −10 mA cm−2, using 15
mM NiCl2 and 100 mM KCl (pH = 3). This condition was
selected because the nucleation regime is finalized as argued
above. Figure 3a shows the 45° tilted SEM image of the surface
after deposition. It is difficult to observe any distinct features on
the SEM image. In addition, no significant morphological
differences with the pristine TiN could be detected with atomic
force microscopy (AFM) besides a slight roughening of the
Figure 2. Potential transients during galvanostatic deposition (10 s at
−10 mA cm−2) of Ni from 5−30 mM NiCl2·6H2O + 100 mM KCl
(pH = 3). The potential was corrected for the solution resistance (RS).
The dashed line indicates the maximum of the potential transients.
The triangles correspond to the theoretical onset of H2O reduction.
Figure 3. Tilted (45°) SEM images of samples after Ni deposition for 0.5 s at −10 mA cm−2, using 15 mM NiCl2·6H2O + 100 mM KCl (pH = 3)
(a) before and (b) after 5 min of H2 plasma.
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surface (RMS from 0.45 to 1.24 nm). Arguably, the absence of
distinct features is expected when indeed a ultrathin film is
deposited.
The following method was used to determine whether or not
a thin film had actually formed during the deposition. The
sample was annealed for 5 min at Tsubstrate = 470 °C, using a H2
plasma. Figure 3b shows the surface after the plasma treatment:
a uniform distribution of densely spaced particles. With the use
of digital image software, a particle density of 7.5 × 1011 cm−2
and an average diameter of 6 nm was determined. The
formation of particles is typically observed when annealing a
thin film in a reducing atmosphere.23 The anneal leads to
dewetting of the film and is a method commonly used to form
catalytic particles for CNT growth.24 Hence, the observation of
dense and uniform particle distributions after the plasma anneal
strongly suggests that a continuous thin film was formed during
the Ni electrodeposition step.
To corroborate that the bright features in the SEM image are
indeed Ni nanoparticles and not a result of roughening of the
TiN due to the H2 plasma, the sample was exposed to a carbon
gas mixture for 30 min directly after the H2 plasma treatment.
Figure 4 shows the carbon nanotube (CNT) forest obtained
after this CNT growth step. The observation of CNTs implies
that indeed Ni is present as the annealed TiN itself was found
not to catalyze CNT growth using these conditions. The
uniformity of the dense CNT forest is visible both optically as
with SEM, which further demonstrates the uniformity of the
deposit both on the macroscopic and the nanometer scale.
Thus far, it was shown that Ni thin films are electrodeposited
uniformly using 15 mM NiCl2·6H2O + 100 mM KCl (pH = 3)
as the electrolyte solution. However, two questions remain:
how much Ni is present in the film and is the film fully closed?
Therefore, the atomic Ni concentration was measured with
RBS and ICP-MS and converted into an equivalent film
thickness using the bulk molar volume of Ni (VNi = 6.59 cm
3/
mol). Figure 5 shows the equivalent film thickness dNi versus
deposition time. The values obtained from the two
fundamentally different analysis techniques match very well.
The equivalent thickness increases linearly with time and
reaches 0.77 nm after 0.5 s. The linear increase is expected from
constant current deposition in the absence of diffusion
limitation:
=d jV t
nFNi
Ni
with qNi the charge related to Ni deposition, n the amount of
electrons involved, F Faraday’s constant, and t the deposition
time. However, the reduction of Ni2+ should become diffusion
limited after about 0.26 s (assuming Ni2+ reduction is the first
reaction to occur), after which the film thickness is expected to
increase sublinearly with deposition time.20 Taking this into
consideration, the measured thickness is still roughly half the
value of what is expected from theoretical considerations (i.e.,
1.4 nm after 0.5 s at −10 mA cm−2). Because also a portion of
the current is consumed by proton reduction, a smaller
thickness of the Ni film is expected. However, the deviation is
expected to be much smaller as the proton concentration is low.
The exact origin of this larger deviation is at this point still
unclear and needs further investigation. It is important to point
out that in contrast with depositions that use a low H3BO3
concentration,19 the deposition of Ni does not terminate in the
first second of deposition. This indicates that increasing the
Ni2+ concentration indeed prevents the termination of Ni
deposition.
Finally, TOF-SIMS measurements were performed on Ni
deposits from varying deposition times to determine at what
point fully closed films are obtained. Figure 6 shows the
intensity of the Ti+ and Ni+ spectral peaks versus equivalent
thickness. It was found that the other Ti- and Ni-associated
peaks, such as TiO+ or 60Ni+, gave similar results. As a reference
for the Ti+ signal, the spectrum of a blank TiN surface was
measured. The signals of all Ti+ spectral peaks were normalized
to the blank TiN sample. The spectral peaks associated with the
Ni+ signal were normalized with the Ni+ signal measured after 1
s of Ni deposition. Before deposition (t = 0 s), the Ti+ signal is
per definition equal to 100%, while the Ni+ signal is negligibly
low (<0.1%). The Ni+ signal increases rapidly with equivalent
thickness and levels off at a thickness of 0.3 nm. The Ti+ signal
starts to gradually drop when Ni is deposited on the surface and
Figure 4. Cross-section SEM image of a CNT forest grown using a
thin Ni film [−10 mA cm−2 for 0.5 s using 15 mM NiCl2·6H2O + 100
mM KCl (pH = 3)] on TiN. The thin Ni film was annealed before
CNT growth with a H2 plasma for 5 min.
Figure 5. Equivalent film thickness versus deposition time measured
with RBS (▽) and ICP-MS (○). The surface concentration is
converted into equivalent film thickness by using the bulk molar
volume of Ni (= 6.59 cm3/mol). The depositions were done at −10
mA cm−2 using 15 mM NiCl2·6H2O + 100 mM KCl (pH = 3).
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reaches around 2% of the initial signal at an equivalent film
thickness of 0.77 nm (after 0.5 s of deposition). Considering
the information depth of TOF-SIMS, which is in the order of 1
nm, also some Ti from below the Ni film is ionized and
measured. Taking this into account, it is reasonable to assume
that the deposited film is completely closed after 0.5 s, as only
2% of the original Ti+ value is measured. In combination with
surface concentration measurements, we can conclude that after
0.5 s of deposition, a subnanometer closed film of Ni is
deposited on TiN.
One application for these ultrathin Ni films is to use it as a
seed layer for bulk deposition on surfaces where heterogeneous
nucleation is difficult. In Figure 7, Ni films are deposited from a
nickel sulphamate solution directly on top of bare TiN (Figure
7a) and on top of a 0.77 nm thin Ni film deposited on TiN
prior to the plating of Ni from the sulphamate bath (Figure 7b).
It is clear that without the seed layer, coalescence of Ni islands
into a film has not yet occurred. In contrast, when the Ni seed
layer is present, a closed Ni film is formed.
■ DISCUSSION
It was shown that continuous and uniform subnanometer Ni
thin films can be electrodeposited on TiN substrates. This
result was obtained by carefully tuning the order and timing of
the electrochemical reactions during galvanostatic nickel
deposition: (1) Simultaneous reduction of Ni2+ and H+
provides a growth-inhibited nucleation mechanism that results
in high cluster densities in the absence of a pH buffer. (Local
precipitation of Ni(OH)2 on the nickel surface inhibits the
growth of existing islands, thus forcing nucleation of new ones
to carry the imposed current flow.) (2) The onset of H2O
reduction results in growth termination and must be delayed to
allow for sufficient nickel deposition (The Ni2+ reduction step
is halted due to Ni(OH)2 precipitation in the diffusion layer in
the solution.)
For 5 mM NiCl2 solutions without H3BO3, the termination
happened too soon to allow for sufficient Ni to be deposited.
By increasing the Ni2+ concentration to 15 mM, the onset of
H2O reduction was sufficiently postponed so that Ni thin films
were obtained as clusters continued to form until the TiN
surface was completely covered with Ni (around 0.5 s or 0.77
nm of Ni, according to TOF-SIMS measurements). Even after
1 s, the Ni deposition was not terminated yet as confirmed by
the continuous increase in Ni thickness with deposition time
measured with ICP-MS and RBS.
In analogy with our previous findings,19 the mechanism
behind the thin film formation is related to the inhibition of
cluster growth. This mechanism is different from the typical
mechanism of electrochemical atomic layer deposition (E-
ALD) using underpotential (or low overpotential) deposition
and SLRR.15,11,12 In our case, Ni deposition is carried out at a
large overpotential (i.e., high current density), where both the
reduction of Ni2+ on TiN and on Ni is energetically allowed.
For Ni deposition, it has been proposed that both adsorbed
hydrogen and Ni(OH)2
25,26 act as a growth inhibitor that can
change the crystal orientation of bulk Ni films. During
deposition, the pH near the electrode rises as a result of H2
reduction. Typically, this rise is counteracted by the use of
buffer such as H3BO3.
27−30 However, in the absence of H3BO3,
the formation of Ni(OH)2 is very likely. The adsorption of
amorphous Ni(OH)2 on a Ni surface has been observed with
transmission electron microscope when the increase in local pH
is large during deposition.31 The concept of growth inhibition
has also been applied in the past to obtain thin copper seed
Figure 6. Surface spectra of Ni and TiN versus equivalent thickness for
different samples measured with TOF-SIMS. The Ti+ counts were
normalized with respect to a blank TiN sample. The Ni+ signal were
normalized with the Ni signal of the sample after 1 s of deposition.
The depositions were done at −10 mA cm−2 using 15 mM NiCl2·
6H2O + 100 mM KCl (pH = 3).
Figure 7. Ni deposition at −10 mA cm−2 for 4 s (equivalent with 13 nm of dense Ni film) from 0.62 M Ni sulphamate electrolyte solution (a)
without and (b) with Ni wet seed layer [−10 mA cm−2 for 0.5 s from 15 mM NiCl2·6H2O + 100 mM KCl (pH = 3)].
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layers using chemical additives that block the growth of the Cu
particles. For example, the addition of PEG leads to an increase
in Cu particle density, which results in a smaller coalescence
thickness.32 Recently, for the electrodeposition of Pt, both
adsorbed hydrogen17 and carbon monoxide18 have acted as
growth inhibitors to obtain a monolayer film as mentioned in
the introduction. It is clear that the concept of growth
inhibition shows promise for electrodepositing ultrathin films.
Moreover, the mechanism itself is mostly unrelated with the
underlying substrate and can therefore be applied to all kinds of
conductive underlayers.
The question still remains about the exact composition of the
deposited film. In accordance with the model of growth
inhibition by adsorbed Ni(OH)2, a part of the film should be
composed of Ni(OH)2. It is hard to validate this assumption, as
after deposition the Ni film is prone to oxidation from the
environment (liquid or air).14 Either way, the fact that the
deposited Ni film can be used as a seed layer suggests electronic
conduction perpendicular to the film. From a different
perspective, the presence of a Ni(OH)2 capping layer poses
no problem and perhaps even offers some opportunities. For
example, in CNT growth, Enconjauregui et al.33 showed that by
deliberately oxidizing the catalyst particles, a higher particle
density could be achieved as the particles were immobilized.
Alternatively, by covering the nanoparticles with a carbon cap,
Yamazaki et al.34 prevented the particles from coalescing. As a
result, a high density CNT forest can be obtained. Unpublished
results have demonstrated a higher particle density after
annealing for these ECD Ni films compared to PVD ones,
even though the initial thickness was similar. An explanation
might be related to the presence of the Ni(OH)2 layer that
influences the particle mobility. Although promising first results
are present, more work is needed to demonstrate high density
CNT growth on conductive substrates.
■ SUMMARY
In this paper, we have presented a method to electrochemically
deposit subnanometer films of Ni on TiN. From a theoretical
perspective, it was argued that by removing a buffer from the
electrolyte solution, the degree of growth inhibition of the
clusters during nucleation can be maximized. To counteract the
termination of growth previously observed at low H3BO3
concentrations, the Ni2+ concentration was increased to
postpone this termination of growth. Indeed, no termination
was observed with RBS and ICP-MS measurements. Annealing
experiments in combination with successful CNT growth have
demonstrated the uniformity and dense spacing of the Ni
deposit. TOF-SIMS measurements have indicated that the Ti
signal decreased significantly when an equivalent thickness of
0.77 nm of Ni was deposited on top of TiN. All of the above
provide strong indications that indeed a ultrathin Ni film can be
deposited electrochemically on TiN. Finally, we showed that
this deposited Ni film can, for example, be used as a seed layer
for bulk Ni deposition.
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